In this paper we consider the problem of recovering the height information from a field ofsurfacc normals defined as three-dimensional (3-D) vectors. The algorithm starts from a certain location on the lattice and updates itcratively the heights in a neighbourhood. Then it proceeds to the neighbours of the already calculated heights. The updating rule is based on a gradient descent minimising the vector difference between the given surface normal, and the surface normal, extracted from the estimated height mao at each site. The proposed algorithm is applied for recovering height information " .
INTRODUCTION
Let us assume that we arc provided with a vector field located on a rectangular lattice. Each vector shows the orientation of a local surface patch in 3-D. Considering known a height at a certain site we study how we can recover the height corresponding to the entire map providing only the surface normal vectors.
Surface normals can he estimated from shading flows of an image by Shape-from-Shading algorithms such as those described in [ I , 2, 31 . Each surface normal c o r m sponds to a certain area in this case. The straight forward application of the Lambertian law causcs an ambiguity in the location of surface normals. A surface normal extracted by shape-from-shading can be located anywhere on a cone whose axis is given by the illumination vector [3] . We can also remark that the relationship between each surface normal and its corresponding height is nanbijective, i.e. there is no height that can be estimated using only one surface normal. In this case we do not have all the necessary data in order to extract the exact height information and we have to deal with an underconstrained problem. We suggest to apply an iterative estimation technique. The surface normal field extracted from the statistics of the image usually has a noisy appearance due to uncertainty in data representation. In order to smooth the vector field of surface normals we use various approaches such as marginal median, vector mcdian and a curvature consistency algorithm. The next step consists of height estimation given the surface normals.
The height updating algorithm suggested in this paper starts with a known height for a certain site and considers a four-site neighbourhood far height estimation and updating. Each surfacc normal is associated with a triangle joining the heights of three sites. The updsting rule is based on a gradient descent procedure with adaptive learning rate. After estimating all the heights we can easily obtain an estimate of the surface normals and compare them to the given ones. The proposed updating algorithm is iterative and aims at shrinking the vector difference between the local surface normal and the surface normals corresponding to the height map. The calculation of thc height is done for 811 four neighbours of a site of known height by using the projections of the surface normal along the x and y axes. Afterwards we estimate the local height and we iteratively update the entire height map.
In the experimental results we extract fields of surface normals from a Synthetic Aperture Radar (SAR) image of terrain using a statistical estimation approach described in [4,5]. We apply the height updating algorithm for modelling the land topography from this image.
LOCAL HEIGHT ESTIMATION
Let us consider a vector field on a rectangular lattice and let us assume that there is a site whose height is known. Starting from this known height the algorithm finds the heights corresponding to other sites. At each iteration the algorithm updates the heights of four neighbours (north, east, west and south) for any reference site of known height. The updating is done progressively starting with the first order neighbourhood and continuing with their corresponding neighbours of unknown heights and so on until we estimate all the heights on the lattice. At the nih iteration we update the heights corresponding to those sites located at a city-block distance of n from the initial known height.
We associate each surface normal vector with a triangle defined by three sites. For a certain reference site we consider the projection of the surface normal in the direction of one of its neighbours. Let us denote the components of the surface normal vector by N(N,, Nv> N , )
which is considered to he normalised :
(1) Let us consider the triangle formed by the height to he updated, its projection on the horizontal plane and the reference site. This triangle and that formed by the surface normal and its projections have an identical angle while each of them has a right angle. Consequently, these triangles are similar, and so the height difference in x di- This procedure is repeated for all the sites in the lattice. The heights on the top and right edges are calculated from three directions, while the heights on the left and bottom edge are calculated from one direction only due to the fact that there are no normals available from certain directions. The bottom right comer and top left comer are calculated from one direction while the top right corner is calculated from two directions. The height for the bottom left comer site from the lattice cannot be calculated due to the fact that has no neighbouring normals and is taken as the average of the heights of its neighbours. 
T H E ITERATIVE UPDATING ALGORITHM
The updating rule for the heights is given hy the following relationship :
where AH E (A,H,A,H}, A(n) is the height estimated at iteration n and q is the learning rate. The leamingrate is considered to be decreasing with respect to the iteration number : where qo i s the initial adaptation rate, n is the current iteration and T is the characteristic time. An interpretation for the characteristic time T is that it corresponds to the number of iterations which are necessary for algorithm convergence.
For each non-boundarysite we calculate its value with respect to four reference sites representing its four neighbours. We average the heights estimated from these four directions. In order to assess the correctness of the height reconstmction accuracy we evaluate the mean cosine error (MCE) between the given surface normals and the surface normals derived from the estimated height map : where I .I represents the dot product of two vectors, M x N represents the number of sites, and N,j is the normal derived from the estimated heights as : Hi,j-i while Nz,;j is derived from the normalisation condition (1). The dot product of two normalised vectors is equal to the cosine between the two vectors. We can observe that when vectors are identical, their cosine error is one, while when they are perpendicular their cosine enor is zero. The cosine error between two vectors on the same line but with apposite orientations is minus one. The convergence criterion is achieved when we have no significant change in the MCE from one iteration to the next.
EXPERIMENTAL RESULTS
A field of surface normals has been extracted, using shape from shading, from a Synthetic Aperture Radar (SAR) by the nearby edges. The edges have been detected using a maximum log-likelihood approach. In SAR images of terrain, edges correspond to topographical features such as ridges and ravines [4] . The resulting field of surface normals is smoothed using various methods such as averaging, marginal median, vector median [SI and a surface consistency algorithm [3] .
A SAR image representing a mountainous region from Wales is shown in Figure 2 . The digital elevation map (DEM) representing heights corresponding to this image scaled in the range [88,265] is displayed in Figure 5 . We apply a search for the hest initial training parameters qo and T from the updating equation ( 5 ) in addition to finding the best starting location. The appropriate initial site was considered in the middle of the map for all the experiments on this image. We have extracted the surface normals from the DEM using differences of heights at neighbouring sites in the z and ?j directions. We apply the proposed surface reconstruction algorithm on this surface normal field and we compare the resulting height map with the original one from Figure 5 . The surface normal field estimated from this figure is shown in Figure 3 whilst the recovered height is shown in Figure 6 . The height in these maps is shown by a range of greylevels, where a lighter graylevel represents a higher altitude. In Figure 4 we display the convergence of the MCE for the surface normals extracted from the DEM image. The mean height difference between the original DEM and thatestimatedfrom the surfacenormalsis 18.91. We have calculated the mean cosine error (6). shown in Table 1 .
We have applied the surface reconstruction algorithm on the smoothed surface normal vector fields estimated from the SAR image. The height results obtained from the surface normal smoothed by averaging is shown in Figure? , by marginal median in Figure 8 , by vector median in Figure 9 and by the curvature consistency algorithm [3] , in Figure 10 . We can observe from these figures that the topography of the region is reconstructed well and the main terrain features can be easily recognised. The resulting heights have been smoothed by averaging in a 3 x 3 neighbourhood in two passes over the entire image. The MCE between the vector fields obtained from the estimated height map and those provided initially are shown in Table 1 . We can observe from this table that we obtain a quite accurate representation of the surface normals derived from the estimated height map.
CONCLUSIONS
We propose a new approach for height reconstruction from a flow field of surface normals. The height updating algorithm employs a gradient descent procedure which minimises the vector difference between the surface normals estimated from the height map and the given vector field. Various algorithms such as the marginal median, the vector median or an algorithm enforcing surface consistency 
